Debye-Waller factors at different temperatures of four alkali and three noble metals have been computed on the basis of a screened shell phenomenological model. The theoretical values are compared with existing experimental data. Particularly for lithium and potassium, most recent experimental information has been included. A critical examination of the results reveals a satisfactory agreement between the theoretical and experimental findings.
Introduction
Studies of the temperature dependence of the intensity of X-ray and neutron-scattering and the Mössbauer effect can be envisaged for obtaining the Debye-Waller factor exp (-2 IF), some times also called the temperature factor because of its strong temperature dependence. Due to the direct relation of this factor with the mean square displacement of the atoms it is obviously relevant for several phenomena of solid state physics such as electrical conductivity and melting. The estimation of this factor on the basis of the ancient Debye model being not satisfactory [1], more realistic lattice dynamical models are needed.
During recent years the Debye-Waller factor obtained from experiments has often been compared with that resulting from calculations [2 -29] . These calculations have been carried out for cubic metals with the help of phenomenological models [30 -34] incorporating various radial and angular force constants. It is evident that such comparison provide a test of the models used.
torily, we thought it worthwhile to examine its applicability for other properties also. In the present paper we have studied the temperature variation of the Debye-Waller factor, the Debye characteristic temperature and the mean square atomic displacement for sodium, rubidium, potassium, lithium, copper, silver and gold on the basis of our model [35] .
Theory
In the harmonic approximation, the Debye-Waller exponent 2 W is directly related with the mean square displacement of the atoms, and following James [37] it can be given as
where M is the mass of the atom. N the total number of unit cells in the crystal, K the difference of the initial and final wave vectors of X-rays, v q j the frequency of a phonon with the wave vector q and polarization /', e q j the polarization vector of the (q, f) lattice mode, and the summation extends over the all normal modes.
For a monatomic cubic crystal, the polarization factor (K-e q j ) 2 can be replaced by its average value outside the summation so that (1) becomes
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If y (v) is the frequency distribution function for the phonon giving the number of vibrational modes in the frequency interval between v and v+dv, (2) becomes
where 0 is the glancing angle, and /. the wavelength of the incident radiation. The Debye-Waller factor is now calculated from (3). For a Debye model of the solid, the temperature dependence of the Debye-Waller exponent can be written as
where OM is the effective X-ray characteristic temperature, (P (A) is the usual Debye integral function, and A = 0M/T. Similarly, in the harmonic approximation, the mean square displacement of the atoms is given by the relation = --I W.
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Numerical Computation
To compute the Debye-Waller exponent 2 W\ it is essential to determine the frequency spectrum of the lattice vibrations at a suitable number of points in an irreducible section of the first Brillouin zone. This frequency distribution has been obtained [38] by the numerical sampling of frequencies according to Blackmann's technique [39] [40] over a discret subdivision in the wave vector space.
In order to have a large survey of frequencies, in the present work we have considered a mesh of evenly spaced 64000 wave vectors in the first Brillouin zone. For this purpose, the first Brillouin zone was divided into 40x40x40 miniature cells with axes 1/40 of the length of the reciprocal lattice cell. Consideration of Born's cyclic boundary condition and symmetry property of the lattice reduces the 64000 points to 1661 non-equivalent points lying within an irreducible 1/48 th part of the first Brillouin zone. Each point was weighted according to the number of points equivalent to it by symmetry. Care was taken in giving the proper weights to points lying on the surfaces, edges and corners of the Brillouin zone. The 1.92.000 phonon eigenfrequencies corresponding to 64000 eigenvectors in the zone were computed from the solution of the secular determinant formed by the dynamical matrix due to our proposed theory [35] , To evaluate the frequency distribution function g(v), counts of the number of frequencies falling in to intervals of a 100th part of the maximum frequency were used to construct a frequency histogram. It should be emphasized that in most of the previous calculations [2-28] a much coarser mesh has been used.
The derivation of the dynamical matrix, its diagonalization and hence the frequency wave vector dispersion relations, the elastic constants and other pertinent data for the metals studied in the present work have already been given and discussed in our previous papers [35, 41 -43] .
Results and Discussion
The comparison between theoretical and available experimental data is made in terms of the temperature parameter Y given by
where 2 W T and 2 W To are the values of the DebyeWaller exponents for the temperatures F and F 0 , respectively. This quantity is independent of / and 0, and is directly accessible from the measured intensity of the Bragg reflection in X-ray diffraction experiments. If Ij and Ir 0 are the measured integrated intensities of a certain diffraction line at the temperatures Fand F 0 , respectively, we have
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The right hand sides of the above equation are evaluated due to (3). The computed values and the experimental results with reference to a standard temperature for sodium, copper, silver and gold are given and discussed here. In the absence of detailed experimental information for lithium, potassium and rubidium, we have tabulated the theoretical results from the present work for a future comparison. Table 3 .
Copper: The temperature variation of the DebyeWaller factor of copper from the X-ray intensity measurements has been studied by Flinn et al. [50] , Figure 2 . Our results are shown by full lines in Figure 2 . The agreement between theory and experiment is fairly good.
Silver: Among many measurements by different workers using various techniques [53 -58] the measurements due to Haworth [56] are considered to be most exhaustive and reliable. His observations cover the temperature range from 286 K to HOOK and are in excellent agreement with those of Simerska [57] who covered the temperature range 291 -1033 K. The experimental points reported by the different authors [53 -58] are shown in Fig. 3 along with the theoretical full lines. The agreement between the theoretical and experimental values up to about 500 K is quite satisfactory.
Gold: The experimental results due to different authors [51, 58, 59] for gold are plotted in Fig. 4 along with our computed values. The theoretical results are found to be in broad agreement with the experimental findings. Moreover, particularly for this metal in the family of noble metals we would We have shown that the Debye-Waller factor and allied parameters evaluated with the help of our theory [35] agree well with the observed temperature variation of the intensities of X-ray reflections at low temperatures. At higher temperatures, the experimental Y versus T curves show a marked nonlinearity; the observed decrease in intensity becomes greater than the theoretical one, and the divergence between the two increases with temperature. The effective X-ray characteristic temperature computed in the present work agrees quite well with the experimental values. The theoretical mean square displacements of the atoms fit well with the experimental data up to a certain temperature.
The apparent discrepancy between theory and experiment is not unexpected and can be attributed to the neglect of the temperature variation of the vibrational frequencies [60] and to other anharmonic effects [61 -66] ,
In the present work, no account has been taken of the temperature variation of the elasticity and the lattice parameters. With increase of temperature, the lattice frequencies diminish because of the lattice expansion. This depends upon the Grüneisen parameter which varies with temperature and lattice frequencies. Several attempts [51, 55, 56] have been made to account for this effect in terms of the Grüneisen parameter. However, the available data do not allow for a detailed discussion. It appears that still there is a need of more detailed studies to relate this parameter with the anharmonicity in the lattice vibrations.
At the present level of accuracy, the computed results indicate that our screened shell phenomenological model [35] is quite adequate for a theoretical interpretation of X-ray Debye-Waller factor data of alkali and noble metals.
